We report a semiconductor saturable absorber mirror (SESAM) with phase shift compensation. The SESAM shows a uniform low-intensity reflectivity and a modulation depth up to 12% for the wavelength from 1000 to 1100 nm. A linear cavity all-normal dispersion Yb-doped fiber laser has proved its mode locking performance for the wavelength of both 1030 nm and 1064 nm. As the demand for highly reliable passively mode-locked fiber lasers is increasing, highly reliable SESAMs become important. Unlike in solid-state lasers, mode locking in fiber lasers requires a high modulation depth. A simple solution to the high modulation depth is to increase the absorption layer thickness. However, there are two issues in the SESAMs in doing such way: the large variation in the reflectivity and the possible optical damage on the SESAMs. A thick absorption layer introduces a large phase shift that results in a modulation over the reflection band of the Bragg mirror [4, 5] , due to the imaginary part of the refractive index of the absorption material. The high absorption may also cause a high saturation fluence, which is the origin of the optical damage.
Semiconductor saturable absorbers (SESAMs) play the key role in highly stable, passively mode-locked ultrashort pulsed laser sources. Since 1992, extensive theoretical and experiment studies have been conducted on SESAM mode locked lasers [1] [2] [3] .
As the demand for highly reliable passively mode-locked fiber lasers is increasing, highly reliable SESAMs become important. Unlike in solid-state lasers, mode locking in fiber lasers requires a high modulation depth. A simple solution to the high modulation depth is to increase the absorption layer thickness. However, there are two issues in the SESAMs in doing such way: the large variation in the reflectivity and the possible optical damage on the SESAMs. A thick absorption layer introduces a large phase shift that results in a modulation over the reflection band of the Bragg mirror [4, 5] , due to the imaginary part of the refractive index of the absorption material. The high absorption may also cause a high saturation fluence, which is the origin of the optical damage.
To avoid the optical damage on the SESAM, Grange et al. [6] realized that a low the saturation fluence is the key solution for the damage since the low saturation fluence *Corresponding author (email: zhgzhang@pku.edu.cn) ensures the laser mode locking at relatively lower fluence, so that it never exceeds the damage threshold. They demonstrated that a thin layer can also show a relatively high modulation depth but with a saturation fluence as low as 1.1 μJ/cm 2 [7] . The key point is to locate the absorption layer in the maximum electric field, as well as to apply an anti-reflection coating to enhance the field.
However, there has not been a solution reported for the thick absorption layer. The commercially available SESAMs with high modulation depth basically have a non-uniform low-intensity reflectivity with respect to wavelength, and a high saturation fluence (>50 μJ/cm 2 ). In this paper, we propose a phase shift compensated high modulation depth design of SESAM and demonstrate the uniform low intensity reflectivity and low saturation fluence. This SESAM has been verified in mode locking of a linear cavity all-normal dispersion Yb-doped fiber laser both in 1030 nm and 1064 nm, respectively [8, 9] .
Design of the SESAM
High modulation depth of a SESAM implies thick absorption layers. The conventional design of this kind of SESAM is simply to increase the absorption layer-InGaAs thickness. However, either our calculation or the data of commercial products show non-uniform curves.
The non-uniform curve can be brought by resonance of the layer structure, or in more cases the large absorption. This is recognized due to the complex index of the absorption layer which is in the form of n=n 0 −iκ, where n 0 and κ are the real and imaginary parts respectively. For the InAs, the imaginary part of the refractive index is estimated as 0.4 [10] , while the real part is obtained by the linear fitting between InAs and GaAs. The function of the imaginary part is equivalent to a thinner layer than designed that shifts the resonant valley towards long wavelength direction, so that a resonant-like dip appears on the low reflection curve. In order to obtain the uniform and symmetric absorption, we must compensate for this phase shift. This can be made by increasing the thickness of absorption layer.
The structure of the SESAM with phase shift compensation is shown in Figure 1 . The bottom Bragg mirror is 22-pair quarter wave GaAs/AlAs layers for the central wavelength 1035 nm. Instead of one think layer of absorption, the absorption layer In 0.3 Ga 0.7 As was divided into two parts; each has a thickness of 0.26λ. For locating the absorption layer in the peak of the electric field, the absorption layers are separated by three In 0.3 Al 0.7 As layers in the order from the top of 0.125λ, 0.25λ and 0.125λ. The total thickness of absorption layer is 0.52λ. The In 0.3 Al 0. 7 As also serves as a strain-relaxation layer.
By assuming a constant imaginary part of the refraction index corresponding uniform absorption coefficient over wavelength, the calculated reflectivity is shown Figure 2 . The calculated group delay dispersion (GDD) of the SESAM is also flat over 1010-1070 nm and is shown in Figure 3 . The above SESAM was grown by molecular beam epitaxy at low temperature (280°C) for fast recovery of the saturation. The recovery time is estimated to be less than 2 ps. The measured low intensity reflectivity is shown in Figure 3 and is compared with the designed. It is seen that the reflection is symmetric and uniform in wavelength 1000-1100 nm.
Measurement of the saturation fluence
We determined the saturation fluence by measuring the nonlinear reflectivity. The measurement system consists of a pulsed laser source, a variable attenuator and the detection unit (Figure 4) . The pulsed laser source is a mode locked Yb fiber laser with a pulse 140-fs long and a pulse energy up to 10 J. The laser beam was divided into measurement and reference arms by a polarizing beam splitter cube (PBS). A lens with a focal length of 75 mm was applied before the SESAM to obtain a 4 μm beam waist (radius) on the sample, which allowed fluence up to hundreds of μJ/cm 2 . The signal separation in time was achieved by a chopper wheel which simultaneously chops both arms [11] .
The measured reflectivity is shown in Figure 5 . By fitting the data, we obtained the saturation fluence F sat <30.7 μJ/cm 2 , the modulation depth 12%, and the non-saturable loss ΔR ns = 3%.
Laser experiment
The performance of the SESAM was experimentally verified with a ring cavity Yb:fiber laser at 1030 nm or a fiber Bragg grating filtered Yb:fiber laser at 1064 nm. The ring cavity configuration is similar to [12] [13] [14] and the linear cavity is similar to [15, 16] , except that the end mirror was replaced by a narrow band fiber Bragg grating, for setting up the wavelength at 1064.4 nm. Figure 6 shows both pulse spectra at mode locking in the two fiber lasers. The pulse width for the ring cavity was 110 fs after compression, and that for the linear cavity at 1064 nm was 9.4 ps without extracavity dechirp. Both experiments demonstrate that the SESAM can support the mode locking for the wavelength range from 1010 nm to 1064 nm.
Conclusion
We designed and demonstrated a SESAM by phase shift compensation. The SESAM has a uniform low intensity reflectivity of 85% in the wavelength range of 1010-1080 nm. The measurement shows that SESAM has a saturation fluence of < 30.7 μJ/cm 2 , the modulation depth of 12%, and the non-saturable loss of 3%. The ring cavity and linear cavity Yb:fiber laser demonstrated that SESAM can support the mode locking operation in the wavelength range from 1010-1064 nm. The design can also be extended to higher modulation depth and to other wavelength range.
